Hollow poly(aniline-co-pyrrole)-Fe 3 O 4 (HPAP-Fe 3 O 4 ) nanospheres with significant electromagnetic properties were successfully prepared via the oxidative polymerization of a mixture of aniline and pyrrole in the presence of a magnetic fluid, using a non-ionic surfactant as a template.
Introduction
The rapid development of gigahertz (GHz) electronic systems for telecommunications and defense applications has led to serious EM interference problems and thus a requirement for EM wave absorbing materials with effective shielding over a broad band of frequencies and preferably with a low density [1] [2] [3] . EM functionalized conducting polymer composites with micro/nanostructures are considered good candidate materials for EM wave absorption because their microwave properties can be improved by both magnetic and dielectric losses, which are expected to lead to microwave absorption over a broad range of frequencies [4] [5] [6] .
Conductive polymers play an important role in technologies such as those requiring "stealth", electrostatic charge dissipation and EM interference shielding [1] . Among them, polyaniline (PANI) and polypyrrole (PYY) are promising materials for practical applications because of their controllable conductivity, environmental stability, ease of preparation and favorable physiochemical properties, In addition, the inorganic magnetic micro/nanoparticles can co-structure with a monomer to form micro/nanostructured composites via a self-assembly process [7] [8] [9] [10] [11] . Fe 3 O 4 nanoparticles have unique magnetic properties and facile synthesis routes. It is also reported that Fe 3 O 4 nanoparticles exhibit excellent microwave absorption at low frequencies, which is particularly relevant to magnetic loss [12] . Therefore we have prepared Fe 3 O 4 -conducting polymer composite materials because their microwave absorption properties are likely to be improved by both magnetic and dielectric loss mechanisms. Recently, Deng et al synthesized Fe 3 O 4 cross-linked PAni nanoparticles that exhibited high magnetization and conductivity [13] . Phang et al prepared hexanoic acid doped PAni nanocomposites containing TiO 2 and Fe 3 O 4 that have excellent microwave absorption performance [14] . He et al synthesized PANI/CIP/Fe 3 O 4 composites that have good EM wave absorption at high frequencies [4] . However, the preparation of EM In this paper, the main objective is to design a microwave absorbing composite material with controllable nanostructure. Hollow nanospheres have a wide range of potential applications [15] [16] [17] , but the preparation of EM functionalized copolymer hollow structures has not yet been reported.
Hollow poly(aniline-co-pyrrole)-Fe 3 O 4 (HPAP-Fe 3 O 4 ) nanosphere composites were synthesized by the oxidative polymerization of a mixture of aniline and pyrrole in the presence of a magnetic fluid, using a non-ionic surfactant as a template. The morphology and molecular structure of the composite hollow nanospheres were investigated in detail, as was the correlation between electrical and magnetic properties with microwave absorption.
Experimental

Materials
Aniline (99%) was supplied by Wako Pure Chemical Reagent Co., Ltd., Japan). Pyrrole (98%, by Sigma Aldrich, Co., Ltd., USA) and was stored below 0°C. Sodium dodecyl sulfate, polyoxyethylene(10) octylphenyl ether (Triton X-100), ammonium peroxodisulfate, FeCl 3 ·6H 2 O, FeCl 2 ·4H 2 O, ammonia (28%), and ethanol (99.5%) were of analytical purity and were used as received. Deionized water was used throughout the experiments.
Synthesis of Fe 3 O 4 nanoparticles
The Fe 3 O 4 magnetic nanoparticles were prepared by a modified co-precipitation method. The reaction was carried out in a 250-ml three-necked round-bottom flask equipped with a stirrer. via in situ emulsion polymerization as described above.
Characterization
The morphology of the products was investigated using field emission scanning electron microscopy (FE-SEM; JEOL S-5000) and transmission electron microscopy (TEM; JEOL JEM-2010). X-ray powder diffraction (XRD) patterns were obtained with a RINT 2550H diffractometer using Cu Kα radiation. Fourier transform infrared spectroscopy (FT-IR) spectra of KBr powder pressed samples were recorded in the range 400-4000 cm -1 with a Shimadzu IR-prestige21 spectrometer. Thermogravimetric analysis (TGA; TG8120, Rigaku Denki) was carried out under an air atmosphere from 50 to 600°C at a heating rate of 5°C min -1 , then a soak at 600°C for 30 min. X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis Ultra DLD X-ray spectrometer with Mg as the exciting source. The room-temperature conductivity of the nanocomposites formed under 30MPa was measured according to a standard four-probe method using a MCP-HT450 conductivity meter (Dia-instruments Co., Ltd.). Magnetic measurements were carried out at room temperature using a vibrating sample magnetometer (TM-VSM5250, Japan) with a maximum magnetic field of 10 KOe.
The samples used for measurement of microwave properties were prepared by dispersing the poly(aniline-co-pyrrole)-Fe 3 O 4 nanocomposite powder in paraffin wax. The powder-wax compound was pressed into a toroidal shape with an outer diameter of 7 mm, inner diameter of 3.0 mm and a thickness of 2 mm. The complex permittivity and permeability of the compound samples were measured using a vector network analyzer (37247D Anritsu Co., Ltd.) over a range of 0.5-10 GHz, and the reflection loss was calculated from the measured complex permittivity and permeability. (Fig. 3(f) ). The single broad band centered at around 21° for the HPAP nanospheres ( Fig. 3(a) ) is indicative of an amorphous structure, arising from the interaction between the different components [8, 18] . The broad band centered at around 21° was also observed for HPAP-Fe 3 O 4 nanospheres (Fig. 3 (b-e) Fig. 3 (f) ). The peaks correspond to the (220), (311), (400), (422) [19] [20] [21] .
The molecular structure of the products was determined by FT-IR spectroscopy; sample spectra are shown in Fig. 4 . Similar absorption bands were observed both for HPAP nanospheres (Fig. 4 (b) ) and HPAP-Fe 3 O 4 nanospheres (Fig. 4 (c-f) ) at 1575, 1564, 1458, 1281, 1190 and 694 cm -1 . The bands at 1575 and 1564 cm -1 correspond to the C-C stretch for the quinonoid phenyl rings of PANI and C=C stretching mode of polypyrrole [8, 22] . The peak at 1458 cm -1 is attributed to benzenoid vibrations, and the bands at 1281 and 1190 cm -1 are due to the presence of aromatic NH groups and the C-N stretching vibration [18, 23] . The band at 694 cm -1 is attributed to C-H in-plane bending in the 1,3-substituted benzene ring, which may be induced by the attachment of pyrrole units at the meta-position of the benzene ring [24] . have a low coercive force (Hc) (about 300 Oe). Therefore, this kind of composite could exhibit significant electric-magnetic absorption properties.
The electrical properties of HPAP and HPAP-Fe 3 O 4 nanospheres were also examined. As shown in nanospheres increased to some extent with Fe 3 O 4 content, which has been previously observed [27, 28] . The conductivity of HPAP-Fe 3 O 4 nanospheres may be not only affected by the microscopic conductivity but could also be affected by macroscopic conductivity [27] . Microscopic conductivity depends upon the doping level, conjugation length and polymer chain length, which should not vary widely in samples prepared under identical conditions. Our HPAP-Fe 3 O 4 nanospheres were polymerized in identical conditions, so the microscopic conductivities should be nearly the same.
However, the macroscopic conductivity depends on certain external factors such as compaction of the samples or molecular orientation, which in turn significantly depend on the Therefore, as the Fe 3 O 4 content increases, the compaction of the composites is significantly improved, which results in an enhancement in macroscopic conductivity measured in the pelletized form.
Microwave absorption properties
The complex permittivity of HPAP-Fe 3 O 4 nanosphere-paraffin wax composites made with 50 wt% of HPAP-Fe 3 O 4 is presented in Fig. 10 (a-b) . The complex permittivity ε (ε=ε′-jε″) has real (ε′) and imaginary (ε″) permittivities. Figure 10 content, except in HPAP-Fe 06 , which has a higher value. It is also found that the ε′ is critically dependent on the frequency and decreases in inverse proportion to the frequency. For the imaginary part of the permittivity ε″, it can be seen in Fig. 10 (b) that ε″ of the samples increases with the nanospheres is mainly due to natural resonance of the Fe 3 O 4 nanoparticles [31, 32] . It is believed that natural resonance results in strong magnetic loss, implying enhanced microwave absorption by the HPAP-Fe 3 O 4 nanospheres as EM energy is converted into heat energy [33] .
To investigate the intrinsic reasons for microwave absorption by the HPAP-Fe 3 O 4 nanospheres, the dielectric loss factor (tan δ E =ε″/ε′) and the magnetic loss factor (tan δ M =µ″/µ′) of sample HPAP-Fe 04
were calculated. It can be seen from Fig. 11 that both the dielectric and magnetic loss do contribute to microwave absorption. The magnetic loss factor is larger than the dielectric loss factor, and the total EM loss behavior is similar, if somewhat larger than that of magnetic loss. Thus the main contribution to microwave absorption comes from magnetic losses.
The reflection loss (R.L.) of the samples with thickness of 2 mm in 0.5-10 GHz was calculated, as shown in Fig. 12 , according to transmission line theory [34] , as:
Z in is the normalized input impedance of a metal-backed microwave absorbing layer. is about -3 dB at 9 GHz and 10 GHz when d=2 mm, which is higher than other reported results [29, 35] . As the Fe 3 O 4 content increases, the reflection loss peaks shift slightly towards higher frequency, which is consistent with previous reports [36] . Additionally, the magnetic and conductivity properties are enhanced by increasing the Fe 3 O 4 content, as shown in Fig. 7 and Fig. 9, showing the distinct resulting change in both dielectric and magnetic loss, significantly affecting the efficiency of microwave absorption [37] . 
Conclusion
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